OBJECTIVE: Leptin gene expression is higher in females than in males, and is regulated by many factors including energy intake and insulin, but little is known about the inheritance of leptin gene expression. We have investigated leptin (LEP) gene expression, to determine whether it is heritable, and whether the difference in LEP expression between males and females has a genetic component. STUDY POPULATION: A total of 319 baboons (Papio hamadryas) (220 females, 99 males) from a captive, pedigreed colony.
Introduction
Adipose tissue is an active endocrine organ producing many proteins, such as the hormone leptin, that are involved in a variety of processes including energy balance, fat metabolism, and insulin sensitivity. Many studies have shown that leptin plays a key role in energy balance, acting to reduce food intake and to increase energy expenditure. This function is best supported by the presence of mutations in the leptin gene in rodents and humans that lead to phenotypes characterized by extreme obesity. [1] [2] [3] Plasma leptin levels and mRNA levels are correlated with measures of body fat 4 and this correlation led to the hypothesis that leptin acts as a signal to tissues in the body as to the amount of stored energy available. 5 Leptin mRNA and protein levels are also affected by recent energy intake, decreasing with fasting, and increasing with feeding (reviewed in Frühbeck et al 6 ) , with recent evidence showing that a low-fat high-carbohydrate meal produces postprandial increases in leptin that are significantly greater than those produced by a high-fat low-carbohydrate meal. 7 Circulating leptin also shows a diurnal pattern in humans, having a nocturnal peak with a timing related to mealinduced insulin secretion. 8 Insulin appears to increase both leptin (LEP) gene expression and leptin secretion, and this effect of insulin on leptin appears to be mediated through increased glucose utilization by adipocytes. 9 There are also depot-specific differences in leptin gene and protein expression, with subcutaneous adipose tissue expressing leptin at higher levels than omental adipose tissue (reviewed in Frühbeck et al 6 ). Circulating leptin levels and LEP gene expression have been shown to be higher in women than in men, even after correcting for increased body fat in women. [10] [11] [12] It has been proposed that this sexual dimorphism in leptin levels may be because of a stimulating effect of estrogens and/or an inhibiting effect of androgens, 10 but this hypothesis has yet to be confirmed. We previously examined the role of genetics in regulating leptin levels in men and women, and specifically asked whether there was a genotype-by-sex interaction in leptin levels. We found a significant genotype-by-sex interaction, indicating that the genes that affect plasma leptin levels are expressed differently in men and women. 13 In this study, we have further investigated the genetics of LEP gene expression in a captive colony of pedigreed baboons (Papio hamadryas). These baboons are an excellent model for research on gene expression and adiposity-related traits. They belong to large, extended pedigrees, which provide statistical power for genetic studies; tissue samples can be obtained from large numbers of animals; baboons are phylogenetically similar to humans; they can be maintained on similar diets and housed in similar environments; and some baboons spontaneously develop obesity when fed ad libitum on a chow diet.
14 Using the baboon, therefore, we can investigate the genetic control of both cellular as well as circulating levels of adipose-derived proteins, and we can determine if different genes control the various levels of gene and protein expression.
Methods

Study population
The study population consisted of 319 (220 female, 99 male) members of extended baboon pedigrees (P. hamadryas 15 ) housed at the Southwest National Primate Research Center at the Southwest Foundation for Biomedical Research in San Antonio, TX, USA. The baboons were postpubertal, and ranged in age from 6 to 29 y. The baboons were fed a chow diet ad libitum (Harlan Teklad 15% Monkey Diet, 8715).
Omental adipose tissue biopsies
Prior to the adipose tissue biopsies, the baboons underwent an overnight fast. Baboons were immobilized and anesthetized with an intramuscular injection of 10 mg/kg ketamine hydrochloride and intravenous diazepam (0.25 mg/kg). The abdomen was prepared and draped for aseptic surgery. A 1 cm incision was made in the midline 1 cm above the umbilicus and through the abdominal wall. A grasping forceps was used to retrieve the omentum, and approximately 1 g of omental fat was sequestered by ligature, excised, and immediately frozen in liquid nitrogen, for storage at À801C and/or in liquid nitrogen (approximately 0.1 g. of tissue was reserved for immediate determination of adipocyte cell volume, see below). The facia and skin were closed with sutures. All procedures were reviewed and approved by the Institutional Animal Care and Use Committee.
Determination of adipocyte cell volume
Adipocyte cell volume was determined as previously described. 16 Briefly, adipocytes were isolated from a portion of adipose tissue by collagenase digestion, and the cell diameters were measured microscopically. Mean adipocyte volume was calculated under the assumption that freed adipocytes were spheres.
Isolation of RNA Total RNA was isolated from baboon omental adipose tissue using a variation of the acid guanidinium thiocyanatephenol-chloroform method 17 and TRI-REAGENTt (Molecular Research Center, Inc., Cincinnati, OH, USA), according to the manufacturer's instructions, with an additional extraction and centrifugation step to remove the excess lipids. Poly(A+) RNA was isolated from total RNA by oligo(dT) cellulose chromatography.
Cloning of a partial baboon LEP cDNA We used RT-PCR to clone a baboon LEP cDNA from omental adipose tissue. Primers were designed for RT and PCR amplification reactions based on the published human and mouse nucleotide sequences 1, 18 (forward primer: 5 0 CCCCATCCTGACCTTATCCAAGATGG; reverse primer: 5 0 AGGTTCCTTCCCTTAAC). RT-PCR was carried out on baboon omental adipose tissue poly(A+) RNA using the Perkin-Elmer GeneAmp RNA PCR kit as previously described. 19 The amplified, 348 base pair (bp) baboon LEP cDNA fragment was cloned for double-stranded sequencing by the dideoxynucleotide chain-termination method.
Ribonuclease protection assay to quantify LEP gene expression For the assay, total RNA was isolated from baboon omental adipose tissue samples as described above. The baboon LEP cDNA probe was linearized with Eco0109 I. In total, 1 mg was in vitro-transcribed using SP6 RNA polymerase and Promega's Riboprobe in vitro Transcription System (Madison, WI, USA) with 50 mCi of 5 0 [a-32 P]CTP. A total of 20 000 cpm of probe was precipitated with 15 mg of baboon total RNA (and with 35 mg of yeast total RNA), resuspended, and hybridized using Ambion's HybSpeedt RPA kit (Austin, TX, USA). The reactions were treated with RNase A and RNase T1 and subjected to electrophoresis through a nondenaturing, 6% polyacrylamide gel and exposed overnight to a phosphor screen. The screen was read on a Molecular Dynamics Leptin adipocyte gene expression SA Cole et al (Sunnyvale, CA, USA) PhoshorImager 445 SI and the image visualized with IPLab Gelt densitometry and gel analysis software (Signal Analytics Corporation, Version 1.5, Vienna, VA, USA). Also included as an internal control in each assay was a radiolabled in vitro-transcribed probe specific for 28S (Ambion Inc., Austin, TX, USA). The intra-assay coefficient of variation of our ribonuclease protection assay was 9%, while the interassay coefficient was 18%.
Determination of plasma leptin levels Leptin levels were assayed from frozen baboon plasma collected after an overnight fast and prior to the fat biopsy using a commercially available radioimmunoassay kit (Linco Research, St Charles, MO, USA).
Analytical methods
Analyses were performed separately on males and females. The Pearson product moment correlations were calculated using Sigma Stat (version 2.0). All genetic analyses were performed using the computer program SOLAR (Southwest Foundation for Biomedical Research, San Antonio, TX, USA). 20 Univariate quantitative genetic analysis was carried out to partition the phenotypic variance of leptin expression levels into its additive genetic and environmental variance components using maximum likelihood variance decomposition methods. 21, 22 This procedure allows for the explicit test of whether correlations among family members for a given trait are solely the result of environmental factors, or involve genetic effects.
The test for genotype-by-sex interaction is based on hypotheses concerning the nature of the variance-covariance relation of a trait between the male and female relative pairs. 23 The expected genetic covariance between a male and female pair is defined as
where f is the coefficient of kinship between the two individuals, rG (M,F) is the genetic correlation between the Figure 1 Partial baboon LEP cDNA nucleotide (nt) and predicted amino-acid (aa) sequence. RT-PCR primers are indicated within brackets. Human nts that differ from baboon are indicated above the baboon sequence, with boxes around those leading to nonsynonymous aa changes. In these instances, the human aa is indicated below the baboon aa. Numbers to the left correspond to the published human sequence. 18 Leptin adipocyte gene expression SA Cole et al expression of the trait in the two sexes, and sG M and sG F are the genetic s.d.s for males and females. In the absence of genotype-by-sex interaction (ie the null hypothesis), the genetic correlation between male and female relative pairs will be one (rG (M,F) ¼ 1.0), and male and female genetic s.d.s will be equivalent (sG M ¼ sG F ). Using the likelihood ratio test, nested models are compared. 24 Rejection of the model constraining the genetic correlation between the groups to be equal to one (rG (M,F) a1.0) implies that a different gene or set of genes contributes to the variance in leptin levels in males and females. Rejection of the model constraining the genetic s.d.s of the groups to be equal (sG M asG F ) implies that the magnitude of the genetic effect is different in the two sexes.
Results
The baboon LEP cDNA sequence is similar to human Figure 1 compares the 348 bp of coding sequence of the baboon LEP cDNA with that of human. Aligning the baboon LEP cDNA sequence with human shows that they are 92.3% identical at the predicted amino-acid level, and 96.7% identical at the DNA level.
Baboon LEP omental mRNA levels are heritable and higher in females than in males Figure 2 shows the results of a ribonuclease protection assay to quantify LEP mRNA levels. The figure shows that LEP mRNA expression is highly variable in baboons.
We generated quantitative data on LEP gene expression in 220 female and 99 male baboons. As in humans, females have higher leptin levels than males. The mean LEP expression level for females is 79(752) pg/mg, and the mean level for males is 52(741) pg/mg (Table 1 ). The heritability (h 2 ) of LEP mRNA expression is significant (P ¼ 0.04) and equal to 0.23, demonstrating that mRNA levels can be used in further genetic studies.
LEP mRNA expression is positively correlated with weight and adipocyte cell volume in baboons We investigated the correlation of weight with our LEP gene expression data in a subset of 215 baboons for which both measurements are available. In both male and female baboons, weight was significantly and positively correlated with LEP expression levels. In 87 males, the correlation was 0.41 (P ¼ 8 Â 10
À5
), and in 128 females, the correlation was 0.55 (P ¼ 2 Â 10 À11 ) ( Figure 3 ).
We also investigated the correlation of adipose tissue LEP mRNA levels with another indicator of obesity, adipocyte cell volume, in a subset of 172 baboons. Cell volume was positively correlated with cellular LEP expression in both males and females. In 75 males, the correlation was 0.56
), and in 97 females, the correlation was 0.40
) (Figure 4) . LEP mRNA expression and plasma leptin levels were positively correlated in 84 male baboons (r ¼ 0.307, There is a significant genotype-by-sex interaction in plasma, but not in omental mRNA levels, in baboons The results of the genetic analyses are shown in Tables 1 and  2 . We tested for genotype-by-sex interaction in levels of circulating leptin, as shown in Table 2 . We see that as in humans, females have higher values than males. Circulating leptin levels in baboons are also significantly heritable (h 2 ¼ 0.21; P ¼ 0.006). The genetic correlation was not different than one, but the genetic variance was significantly higher in females than in males (P ¼ 0.01). This result implies that genetic effects on circulating leptin levels differ between males and females, and thus there is genotype-by-sex interaction.
For levels of leptin gene expression, the results are shown in Table 1 . As with plasma levels, the genetic correlation was not different from one. However, even though the genetic variance was higher in females than in males, the difference was not statistically significant. This result implies that there is no detectable genotype-by-sex interaction in levels of leptin mRNA expression in baboons.
Discussion
The results of our study of baboon LEP gene expression agree well with those reported for other species. The predicted amino-acid sequence of the baboon LEP cDNA fragment is 92% identical to human, similar to the 91% identity reported between human and rhesus monkey leptin. 25 We also found a significant positive correlation between omental LEP mRNA levels and body weight, which has been reported for most species studied. We also found that omental LEP mRNA levels were significantly, but not completely, correlated with serum leptin levels. The fact that this correlation is small is consistent with our findings from human studies that loci other than the LEP locus are important in determining circulating leptin levels, 26 and with our results in this study showing a genotype-by-sex interaction in plasma leptin levels, but not LEP mRNA levels. Depot-specific differences in adipocyte volume have been highly correlated with the expression of LEP mRNA, and are reported to be a major factor accounting for differences in levels of leptin gene expression among fat depots in lean mice. 27 In humans, subcutaneous adipose tissue expresses leptin at higher levels than omental adipose tissue, and it has been suggested that the difference in expression is because of the fact that subcutaneous adipocytes are larger than omental adipocytes (reviewed in Frühbeck et al 6 and Zhang et al 27 ). In fact, it has been postulated that this difference in Our results from baboons are consistent with our previous results from humans that demonstrated a genotype-by-sex interaction in levels of circulating leptin. 13 Owing to our ability to obtain omental adipose tissue biopsies from baboons, we were able to determine whether the same genetic effects were seen at the cellular level. We did not detect such an effect on LEP mRNA levels, suggesting that the genes that act differently in males and females to produce the higher levels of circulating leptin in females do so at a post-transcriptional level. Our assay looked only at omental adipose tissue leptin gene expression, and did not consider other fat depots in the baboon. However, since most fat in adult baboons is deposited in the abdominal region, 14 our results are likely to represent the overall genetic regulation of leptin expression in baboons. Further studies are needed to identify the genetic modifiers of leptin gene and protein expression.
